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Summary

The p53 tumor suppressor is a tetrameric transcription factor that is posttranslational
modified at >20 different sites by phosphorylation, acgtylation, or sumoylation in response to
various cellular stress conditions. Specific posttranslational ﬁodiﬁcations, or groups of
modifications, that result from the activation of different stress-induced signaling pathways are
thought to modulate p53 activity to regulate cell fate by inducing cell cycle arrest, apoptosis, or
cellular senescence. Here we review recent progress in characterizing the upstream signaling
pathways whose activation in response to various genotoxic and non-genotoxic stresses result in

p53 postiranslational modifications.

1. Introduction

Maintenance of genome integrity is critical to the well being of multicellular organisms
that have evolved elaborate mechanisms to monitor genome integrity and respond to a variety of
environmental and cellular stresses that can disrupt the genome either directly by causing DNA
damage or indirectly through disruption of normal cellular processes that involve DNA. Critical
to the process of maintaining genome integrity in higher organisms is the pS3 tumor suppressor,
which serves to integrate signals from various DNA integrity and environmental stress-sensing
signaling pathways (Fig. 1) (Wahl and Carr, 2001; Vousden and Lu, 2002; Oren, 2003). Human

p53 is a 393 amino acid polypeptide that functions as a homotetraineric transcription factor to



control cell cycle progression, cellular senescence, the induction of apoptosis, and DNA repair.
Genomic approaches have shown that human p53 induces or inhibits the expression of more than
150 genes including CDKNIA (p21, WAF 1, CIP1), GADD45, MDM2, IGFBP3, and BAX (Sax
and El-Deiry, 2003). The arrest of cells in G; near the border of S phase is accomplished
primarily through transcriptional induction of the cyclin kinase inhibitor p21 "4l and cell cycle
arrest is thought to allow time for the repair of DNA damage or recovery from other cellular
insults. p53 also modulates DNA repair processes either directly or through the induction of
repair genes (Smith and Seo, 2002; Cline and Hanawalt, 2003). The induction of cellular
senescence in response to oncogene activation also involves p53-mediated accumulation of
p217% but the role of p53 in mediating senescence is not fully understood (Itahana et al., 2001).
p53 mediated apoptosis involves the induction of a number of genes that may mediate the release
of cytochrome ¢ from mitochondria and leads to the activation of caspases (Vousden and Lu,
2002). Recently, it has been shown that p53 can itself directly interact with the mitochondrial

membrane leading to cytochrome c release and the initiation of apoptosié (Mihara et al., 2003).

p53 normally is a short-lived protein that is rapidly degraded through ubiquitin mediated
pathways and therefore is present at low levels in unstressed mammalian cells. In response to
both genotoxic and non-genotoxic stresses, it becomes stabilized and accumulates in the nucleus
where it binds to specific DNA sequences (Wahl and Carr, 2001; Vousden and Lu, 2002; Sax
and El-Deiry, 2003) and also interacts directly with a number of other cellular and viral proteins
(Fig. 2). Competition between repair proteins and damage sensors, as well as cell type-specific

thresholds for initiating apoptosis may in part determine cellular fate. Stabilization of the p53



protein and regulation of its interaction with DNA and other proteins is regulated by
posttranslational modifications, primarily phosphorylations and acetylations. p53 can be
phosphorylated at at least 15 serines or threonines located primarily near the N or C terminus of
the polypeptide chain, and it may become acetylated at a half-dozen lysines in its C-terminal
domain. Before reviewing the major stress-induced signali'ng pathways that lead to these
modifications, we first briefly review the structure of human p53 and its posttranslational

modifications.

2. Structure of human p53

The structure of the intact, 393 amino acid p53 protein (Fig. 2) has proved difficult to
study as the overall size of the tetrameric, p5S3-DNA complex, combined with its intrinsic
flexibility, so far has prevented determination of its structure at high resolution (Kaku et al.,
2001; Kaeser and Iggo, 2002). Only about 60% of the molecule is folded into compact domains,
with the remainder forming flexible linkers or tails. These disordered regions contain most of the
sites of posttranslational modification and are the loci for interactions with the many proteins
with which p53 associates (Fig. 2). The N-terminal region (amino acids 1 - 101) is unstructured
in solution, but residues 17-28 form an "Y-helix upon binding to Mdm2 (Kussie et al., 1996).

Residues 1-42 are required for transactivation activity and interact with the transcription factors



TFIID, TFIIH, several TAFs, the histone acetyltransferases CBP/p300, and possibly PCAF.
Residues 11-26 are reported to function as a secondary nuclear export signal (Zhang and Xiong,
2001), while residues 63-97 comprise a proline-rich SH3 domain required for interaction with
the Sin3 corepressor (Zilfou et al., 2001) and other proteins required for the induction of
apoptosis. The structure of the DNA binding domain (DBD), residues 102-292, in complex with
| DNA, has been determined by x-ray crystallography (Cho et al., 1.994) and NMR analysis
(Rippin et al., 2002); the structure of the tetramerization domain (aa 325-356) also has been
determined by both X-ray and NMR techniques (Clore et al., 1995; Jeffrey et al., 1995). A
nuclear export signal that is masked in tetramers is located within the tetramerization domain,
and the major nuclear localization signal is located with residues 312-324. The C-terminal 30
amino acids confer a structure-specific DNA binding capability to p53 (Palecek et al., 1997,
Mazur et al., 1999), and mutual interference between sequence-specific and structure-specific
DNA binding has led to proposed regulatory roles for the C-terminal domain (Hupp and Lane,
1994; Anderson et al., 1997). However, recent structural and functional studies (Ayed et al.,
2001; Espinosa and Emerson, 2001; Klein et al., 2001) raised questions regarding the mechanism
of p53 activation and the role of the C-terminal domain in regulating p53 activity (Ahn and

Prives, 2001; Kim and Deppart, 2003).

3. p53 Posttranslational Modifications

Exposure of normal cells to either genotoxic agents or non-genotoxic stresses results in



the phosphorylation of p53 at approximately 15 serines or threonines in both the N and C
terminus and acetylation at about a half-dozen lysines in the C terminus of the p53 polypeptide
(Fig. 2) (Appella and Anderson, 2001; Anderson and Appella, 2003). At the N terminus, human
P53 becomes phosphorylated at serines 6, 9, 15, 20, 33, 37, 46 and threonines 18, 55, and 81.
Serines 33, 37, 46, and 392 are more efficiently phosphorylated after exposure to UV or
adryamycin (ADR), an anti-cancer agent that inhibits topoisomerase II, than to ionizing radiation
(IR); in contrast, phosphorylation of Thr18 is stronggr in response to IR and ADR than to UV
light (Saito et al., 2003). Phosphorylation of serines 15, 20, and 37, after either IR or UV light,
increases the stability of p53 (Shieh et al., 1997; Chehab et al., 1999). At the C terminus, |
phosphorylation at Ser315 is induced by IR, UV, or ADR, while phosphorylation at Ser392 is
induced by UV light or ADR, but not by IR (Kapoor and Loz'ano, 1998; Lu et al., 1998). Serines
376 and 378 in the C-terminal region are reported to be constitutively phosphorylated, and
treatment with IR led to the dephosphorylation of serine 376 (Waterman et al., 1998).
Phosphorylation of serines 315 and 392 affects the oligomerization state of p53 (Sakaguchi et al.,
1997) and its ability to bind DNA in a sequence-specific manner, at least in vitro (Hupp et al.,
1992; Wang and Prives, 1995; Hao et al., 1996). Thr155 and Thr150 or Ser149, in the central,
site-specific, DNA-binding domain, recently were reported to be phosphorylated by the COP9
signalosome (CSN)-associated kinase (Bech-Otschir et al., 2001); so far, these are the only sites
in the central domain that have been reported to be posttranslationally modified. In fission yeast,
the COP9 signalosome is required for the activation of ribonucleotide reductase (Nielsen, 2003);

in mammals, it also may participate in regulating p53 degradation.



Acetylation of the p53 C terminus is mediated through a DNA damage initiated,
phosphorylated-dependent signaling cascade by the histone acetyltransferases and transcriptional
coactivators p300, CBP, and PCAF (Gu and Roeder, 1997; Sakaguchi et al., 1998; Prives and
Manley, 2001). The interaction of p53 with p300/CBP was shown to be enhanced by
phosphorylation of p53 at serine 15 (Lambert et al., 1998; Dumaz and Meek, 1999); in turn,
CBP/p300 acetylates several C-terminal lysines including 372, 373, 381, and 382. Recently,
lysine 305 also was shown to be acetylated in response to IR, UV, H,0,, and actinomycin D
(Wang et al., 2003). Peptide competition experiments suggest that phosphorylation of Thr18 and
Ser20 also may enhance the recruitment of CBP/p300 to p53 (Dornan and Hupp, 2001);
however, Saito et al. found that acetylation of Lys382 was decreased by mutations that changed
Ser6, 9, 15, or Thr18, but not Ser20 or more distal sites, to alanine (Saito et al., 2002),
presumably by inhibiting phosphorylation at these sites. The acetylated C-terminal lysines also
are targets for ubiquitination; thus, acetylation may directly contribute to p53 stabilization
(Nakamura et al., 2002). Lysine 386 is reported to be sumoylated, although only at low levels

(Melchior and Hengst, 2002).

The availability of modiﬁcation—speciﬁé antibodies has allowed a detailed
characterization of the phosphorylation and acetylation of p53 in cultured human cells following
exposures to genotoxic agents, including IR, UV, adriamycin (Saito et al., 2003), or nitrogen
oxide (NO) (Hofseth et al., 2003), as well a; to non-genotoxic agent;, including the presence of
activated oncogenes (e.g. Ras) (Bulavin et al., 2002b), microtubule disruptors (taxol,

nocodazole), nucleoside synthesis inhibitors (PALA) (Saito et al., 2003), hypoxia (Hammond et



al., 2002), and osmotic stress (Kishi et al., 2001). Use of these antibodies, most of which are now
commercially available, coupled with cell lines defective in one or more signaling enzymes or
the use of highly specific chemical inhibitors, has begun to elucidate the pathways that lead to

specific p53 modifications. Such studies also have revealed some unexpected relationships.

In response to DNA double-strand breaks (DSBs), one of the earliest modifications to
p53 that can be detected is phosphorylation of serine 15 (Siliciano et al., 1997). Although serine
15 was first identified as a site phosphorylated in vitro by the DNA-dependent protein kinase,
DNA-PK (Lees-Miller et al., 1992), later it was shown that DNA-PK was not required to
phosphorylate this site in vivo, nor was DNA-PK needed for the physiological responses to DNA
damage that depend on p53 (Jimenez et al., 1999). DNA-PK is a member of a small family of
large protein kinases that more closely resemble phosphatidylinositol-3 kinases (PI3K) in their
kinase domains than the majority of serine/threonine kinases, and DNA-PK was found to
preferentially phosphorylate serines or threonines that were followed by glutamine, the so-called
SQ/TQ motif (Anderson and Lees-Miller, 1992). In mammalian cells, the PI3K-like kinase
family includes four additional members, ATM (ataxia telangiectasia (A-T) mutated), ATR (A-T
and RAD3 related), FRAP (FK506 binding proteinl2-rapamycin associated protein kinase), and
SMGT1 (also called ATX), a recently described protein kinase involved in nonsense-mediated
mRNA decay (Denning et al., .2001; Yamashita et al., 2001). Each of these kinases also
recognizes SQ/TQ motifs in protein substrates, and each phosphorylates serine 15 of p53 (orin a
p53-related peptide) in vitro (Abraham, 2001). FRAP is involved in the regulation of translation

initiation in response to nutrients and growth factors, but its activity also increases at late times



after exposure of cells to UV light, where it transmits a signal for the production of
immunosuppressive cytokines (Yarosh et al., 2000). Whether SMG1/ATX, FRAP or DNA-PK
are ever important for phosphorylating p53 or regulating its activity iz vivo is unclear; however,
ATM and ATR are both believed to directly phosphorylated p53 on Serl5 in vivo in response to
DNA damage (Banin et al., 1998; Canman et al., 1998; Tibbetts et al., 1999). Cell lines that
lacked ATM or that overexpressed a dominant-negative allele of ATR are deficient in p53
phosphorylation at Ser15 in vivo and are defective in the activation of DNA damage-induced cell

cycle checkpoints (Abraham, 2001; Abraham, 2003; Shiloh, 2003).

Studies using phospho-specific antibodies and cell lines deficient in ATM revealed that
phosphorylation of p53 at Ser9, Thr18, Ser20, and Ser46 are dependent on the ATM kinase
(Saito et al., 2002). These sites, all of which are phosphorylated in response to DNA damage in
vivo, do not correspond to the SQ/TQ motif and are not believed to be phosphorylated by ATM
or ATR directly. Rather, phosphorylation of these sites is believed to depend on effector kinases
that are activated in response to ATM or ATR, or that require phosphorylation of Ser15 for
recognition of p53. Two protein kinases capable of phosphorylating Ser46, p38 MAPK (Bulavin
et al., 1999) and HIPK?2 (D'Orazi et al., 2002; Hofmann et al., 2002), both of whicil are activated
after exposure of cells to UV light, have been described; however, neither has been shown to be
ATM dependent. Serines 6 and 9 became strongly phosphorylated in response to both IR- and
UV-induced DNA damage, which indicates that Ser9 could be phosphorylated by CK1 or a
CK1-like kinase in response to phosphorylation of Ser6 (Higashimoto et al., 2000). In vitro CK1

phosphorylates serines and threonines two residues distal to a phosphorylated serine or




threonine. However, in response to IR, phosphorylation of Ser9 appears to be independent of
phosphorylation at Ser6; thus, phosphorylation of Ser9 appears to be dependent upon activation
of an unknown proteih kinase that is activated by ATM. Alternatively, recognition of p53 by this

kinase requires phosphorylation of p53 at Ser15.

Recently, using mutant p53s in transient transfection experiments in which individual
serines were changed to alanines, Saito et al. (2003) demonstrated additional N-terminal p53
phosphorylation sites interdependencies. As had been shown previously (Bulavin et al., 1999),
changing Ser33 to alanine blocked phosphorylation of Ser37, but changing Ser37 to alanine had
no effect on phosphorylation at Ser33 or at other N-terminal sites. Changing Ser6 to alanine
blocked phosphorylation at Ser9 and vice versa without affecting phosphorylation at the other N-
terminal sites. Most strikingly, substituting alanine for Ser15 prevented IR-induced
phosphorylation at Ser9, Thr18, and Ser20, while phosphorylation of Ser6, Ser33, Ser37, and
Ser46 were unaffected. Similarly, changing Ser20 to alanine prevent phosphorylation of Thr18,
while changing Thr18 to alanine reduced phosphorylation at Ser20 but not at the other N-
terminal sites. Changing Ser37 or Ser46 to alanine had no significant effect on the
phosphorylation of other sites, nor did phosphorylation of the C-terminal sites, Ser315 or Ser392,
depend on any of the N-terminal phosphorylation sites or vice versa. Control experiments
suggested that changing serine to alanine did not prevent recognition by phospho-specific
antibodies. Thus, on the basis of single-site mutant analyses, the N-terminal p53 phosphorylation
sites can be classified into four clusters: Ser6 and Ser9; Ser9, Serl5, Thr18, and Ser20; Ser33

and Ser37; and Ser46. Furthermore, phosphorylation of the Ser15 cluster (Ser9, Ser15, Thrl8,



and Ser20) appears to require DNA damage (Saito et al., 2003). Presently, it cannot be
determined whether phosphorylation at dependent sites requires a nearby serine or the
phosphorylation of that serine (or threonine); nevertheless, these results suggest that at least
some site interdependencies reflect mechanisms that permit signal amplification and the
integration of information from diverse signaling pathways by requiring sequential
phosphorylation of sites in an ordered manner. For example, Ser9, Thr18, and Ser20 will not be
phosphorylated unless Serl5 is first phosphorylated, and Ser15, Thr18, and Ser20 may all be
required for efficient p53 stabilization. Furthermore, this intramolecular cascade mechanism
might serve to check inappropriate p53 activation or regulate the intensity of the p53 response

and would complement kinase activation cascades (Saito et al., 2002).

4. Signaling to p53

The mechanisms by which cells detect genotoxic and non-genotoxic stresses and signal to
P53 are complex and still incompletely understood. However, phosphorylation of p53 in
response to DNA damage appears to be principally driven by two related signaling pathways,
one mediated by ATM, the other by ATR, that are activated by different mechanisms in response

to different DNA insults.

4.1 ATM-dependent signaling to p53 '
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Although there are many different forms of DNA damage, among the most dangerous are
DNA double-strand breaks (DSBs). DNA DSBs result from exposure to external insults such as
ionizing radiation and treatments with certain anti-cancer agents; it has been estimated, however,
that even in the absence of exposure to genotoxic substances each human cell undergoes
approximately eight DSBs per day from physical forces and oxidative damage generated in the
course of normal cellular metabolism (Bernstein and Bernstein, 1991). While the consequences
of naturally occurring DSBs were probably the evolutionary driver for development of systems
that all cells have for recognizing DSBs and taking appropriate actions, treatment with ionizing
radiation, radiomimetic drugs (e.g. neocarzinostatin (NCS), or toposiomerase II inhibitors (e.g.
adriamycin or etoposide) frequently is used in the laboratory to study the consequences of DSBs.
It must be remembered, however, that these agents have other effects. For example, IR produces
far more single-stranded breaks and cluster damaged sites than simple DSBs (Sutherland et al.,

2000).

In mammalian cells, cellular responses to DSBs, including phosphorylation of p53 at
several sites, are heavily dependent upon the ATM protein kinase. Loss of ATM function in
humans causes ataxia telangiectasié (A-T), a devastating disease characterized by progressive
neurodegeneration, immunodeficiency, sterility, and a high risk of cancer (Shiloh, 2003). A-T
cells are hypersensitive to killing by ionizing radiation but show normal sensitivity to UV light.
While our understanding of the complex mechanism(s) by which DSBs activate ATM are

incomplete, remarkable progress recently has been made. Immediately after exposure of cells to
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IR or radiomemetic agents, a moderate but reproducible increase in ATM kinase activity can be
measured in immune complex assays (Banin et al., 1998; Canman et al., 1998). This increased
activity is not accompanied by changes in ATM abundance or subcellular distribution. Purified
ATM was shown to interact preferentially with the ends of double-stranded DNA fragments
(Smith et al., 1999; Suzuki et al., 1999), but DNA is not required to sustain ATM activity in
immune complexes; thus, the implications of this finding with respect to activation in vivo
remain unclear. Nevertheless, a small fraction of the ATM molecules in cells became resistant to
extraction and were detected as nuclear aggregates immediately following the induction of DSBs
(Andegeko et al., 2001). Furthermore, the retained fraction of ATM colocalized with the
phosphorylated form of histone H2AX (y-H2AX) and with foci of the Nbs1 protein, suggesting
that ATM associates with DSBs. DSB-induced y-H2AX foci appear before those of most other

proteins that form foci after DNA damage, and the number of y-H2AX foci is proportional to the

number of induced DSBs (Paull et al., 2000; Schultz et al., 2000; Bonner, 2003). y-H2AX is
phosphorylated at serine 139, an SQ site, by the ATM kinase in vitro, and ATM is necessary for
this phosphorylation in vivo eartly after the induction of DSBs (Burma et al., 2001). Together,
these results indicate that ATM is activated very early after DSB induction at or near the sites of

DNA double-strand breaks.

A hint as to the mechanism of activation came from work in Lavin’s laboratory which
showed that ATM from unirradiated cells was activated in the absence of DNA after

preincubation with ATP (Kozlov et al., 2003). Activation required Mn**, a required ATM

»
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cofactor, and was inhibited by wortmannin, a PI3K-specific inhibitor. Activation was reversed
by phosphatase treatment, suggesting that activation involved autophosphorylation. Then, in a
technical tour de force, Bakkenist and Kastan (2003) identified Ser1981, which resides in the
sequence GSQS N-terminal to the kinase domain, as an IR-inducible phosphorylation site in the
ATM polypeptide. Using a phospho-Ser1981-specific antibody, they then showed that a kinase-
dead ATM mutant was phosphorylated in IR-treated cells that contained wildtype ATM but not
in A-T cells that lack functional ATM, but this mutant was not phosphorylated in cells that
expressed the related PI3Ks ATR and DNA-PK (Bakkenist and Kastan, 2003). This result
strongly suggests that Ser1981 is phosphorylated as the result of self- or auto-phosphorylation.
Ser1981 resides near the N terminus of a FAT (FRAP, ATM, and TRRAP) domain, a ~500
amino acid region found only in PI3K-related proteins that may serve as a structural scaffold or
as a protein-protein intefaction domain (Bosotti et al., 2000). Subsequent analysis of ATM
protein fragments showed that the kinase domain and the FAT domain stably bound one another
and that the sequences flanking Ser1981 are import.ant for this interaction. However, mutating
Ser1981 to aspartic or glutamic acid, which mimic serine phosphorylation, prevented interaction
of the FAT domain with the kinase domain, suggesting that autophosphorylation results in the
dissociation of a complex containing two or more inactive ATM molecules. These findings are
consistent with a model in which ATM is activated in response to DSBs by autophosphorylation
at Ser1981, which results in a dissociation of the ATM complex into monomers that are then

capable of interacting with substrates (Fig. 3).

Although the above model superficially fits expectations, the astonishing finding of
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Bakkenist and Kastan (Bakkenist and Kastan, 2003) is that the majority of ATM molecules in a
cell became activated within a few minutes after exposure to IR doses that produce only a few
DSBs per cell. At these low doses (0.1 Gy, which is expected to produce ~4 DSBs/cell), it is
inconceivable that each ATM molecule can associate with a DSB as a requirement for activation
within the time that was available. To explain this observation, Bakkenist and Kastan proposed
that a DSB could reveal its presence by triggering a relatively widespread change in chromatin
structure with which ATM could interact to trigger conversion of inactive ATM complexes into
active monomers through autophosphorylation. Consistent with this hypothesis, the authors
indeed found that treatment of cells with a histone deacetylase inhibitor induced phosphorylation
on Ser1981 and resulted in the concomitant phosphorylation of p53 on Serl5. This finding
suggests that activation of p53 in response to DSBs is a two-stage process (Fig. 3). First, a
fraction of the nuclear ATM interacts with DSBs or other sensor proteins such as MRN (Mrell,
Rad50, Nsb1)~or the Rad17 complexes that rapidly bind to DSBs. Indeed, recent results show
that the MRN complex is required for proper activation of ATM (Uziel et al., 2003). The tightly
bound fraction of ATM is activated by autophosphorylation and rapidly phosphorylates H2AX
and other proteins that assemble at DSB sites, recruiting additional proteins to the DSB sites. The
assefnbled complex then triggers a change in chromatin conformation over a distance of perhaps
a megabase which, in turn, provides a larger target for the interaction of additional, free ATM
complexes that then autophosphorylate to become active, free monomers. The activated, free
ATM molecules rapidly phosphorylate effector kinases, such as Chk2, and other substrates, e.g.
p53, Mdm2, BRACI, to accomplish control of cell cycle progression and activation of DNA

repair and perhaps apoptosis. Although this motlel has considerable appeal, several questions
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remain. How does ATM sense both DNA ends and changes in chromatin structure? What is the
nature of the change in chromatin structure, and how is this change distinguished from changes
that accompany chromatin remodeling associated with normal transcription and DNA

replication?

4.2 ATR-dependent signaling to p53

Activation of ATR, the ATM and RAD3-related kinase, is not as well understood as
activation of ATM, in part because inactivation of ATR results in lethality, and only recently
have genetic constructs been engineered that allow the consequences of ATR activation to be
deduced at the molecular level (e.g. (Cortez et al., 2001; Zou et al., 2002)). ATR is activated
after exposure of cells to UV light or alkylating agents, which produce bulky lesions in DNA, or
treatment with anti-cancer drugs (e.g. adryamycin), hydroxyurea, or extreme hypoxia that may
block transcription or replication or cause replication fork collapse (Abraham, 2001; Hammond
et al., 2002; Brown and Baltimore, 2003). ATR also is activated at later times after the creation
of DSBs, which probably accounts for delayed phosphorylation of p53 at Serl5 in A-T cells
(Saito et al., 2002). Howeyver, it is unclear whether the DNA damage that leads to ATR activation
is sensed directly or whether ATR is responding to a consequence of blocked transcription or
replication or both (Fig 4). As for ATM, activation of ATR is not accompanied by changes in
ATR abundance or subcellular distribution. Unlike ATM, ATR isolated from cells treated with
DNA damage-inducing agents does not display increased activity in kinase assays in vitro

(Tibbetts et al., 2000). Furthermore, neither ATR nor the other PI3K-like kinases (DNA-PK or
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FRAP) have an SQ/TQ site at the N terminus of their FAT domains equivalent to the GSQS
Ser1981 autophosphorylation site in ATM (Bosotti et al., 2000), making autophosphorylation
less likely as a mechanism for ATR activation in response to DNA damage.

In mammalian cells, ATR exists as a stable complex with ATRIP (ATR interacting
protein), an 85 kDa protein that stabilizes ATR and may help regulate its activity (Cortez et al.,
2001). In vitro, ATR phosphorylates ATRIP, and both proteins colocalize to intranuclear foci
that may correspond to sites of DNA synthesis and repair. Recent studies by Zou and Elledge
show that replication protein A (RPA), a protein complex that associates with single-stranded
DNA (ssDNA) and becomes highly phosphorylated on its 34 kDa subunit following DNA
damage, is required to recruit ATR-ATRIP to sites of DNA damage and to form nuclear foci. In
vitro, RPA stimulated the binding of ATRIP to single-stranded DNA and the phosphorylation of
Radl7 on Ser635, an in vitro and in vivo site of phosphorylation by ATR. RPA also was required
for ATR-mediated activation of the Chk1 kinase in human cells. These studies suggest that
ssDNA may be a common intermediate that functions as a signal for activation of ATR-ATRIP
(Fig. 4). Single-stranded gaps are generated as an intermediated in the repair of bulky lesions by
nucleotide excision repair. When replication forks encounter DNA lesions, longer stretches of
ssDNA could bé generated by the stalling of polymerases and/or the uncoupling of helicases and
polymerases. Thus, Zou and Elledge suggest that the apparent activation of ATR may be
achieved by the simultaneous enrichment of ATR-ATRIP complexes and their substrates at sites
of DNA damage (Zou et al., 2002). If this is the case, it will be interesting to see whether

proteins besides RPA target ATR for colocalization with substrates.

»
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5. Non-genotoxic stress and p53 effector kinases

ATM and ATR both phosphorylate p53 at Serl5 in vitro, and elimination of Serl5
prevents p53 phosphorylation by ATM (Banin et al., 1998; Canman et al., 1998), indicating that
other kinases are responsible for phosphorylating p53 at other sites (Fig. 2). In response to DSBs,
ATM activates the Chk2 kinase through phosphorylation of Thr68, and Thr68 is required for the
full activation of Chk2 in response to IR (Ahn et al., 2000; Melchionna et al., 2000). Likewise,
Chk1 is phosphorylated and activated in response to UV light iz vivo in an ATR-dependent
manner, and in vitro ATR phosphorylates Chk1 on serine 317 and 345 (Zhao and Piwnica-
Worms, 2001). Early studies by Shieh et al. (2000) and Chehab et al. (2000) reported that Chk1
and Chk2 phosphorylated p53 at Ser20, and possibly other sites, resulting in its stabilization and
activation in response to DNA damage. These results are consistent with a requirement for ATM
for the phosphorylation of Ser9, Thr18, and Ser20 in response to IR (Saito et al., 2002); however,
several recent studies question the role of the Chk2 effector kinase in mediating p53
phosphorylation at Ser20 as well as the role of Ser20 in stabilizing and activating p53. First, in
contrast to changing Ser18 of murine p53 (the equivalent of Serl5 in human p53) to alanine
(Chao et al., 2000), Wu et al. found that changing Ser23 (Ser20 in human p53) to alanine had no
effect on p53 stability or activity in mouse ES cells, fibroblasts or thymocytes (Wu et al., 2002).
Second, Takai et al. showed that mouse p53 Ser23 and human p53 Ser20 were phosphorylated
equally well in cell from wildtype or Chk2 knockout mice, although p53-mediated
transactivation of several target genes was abolished (Takai et al., 2002). The lack of a need for

Chk2 to phosphorylate p53 Ser20 recently was confirmed by Jallepalli et al. (2003). Third,
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reexamination of p53 phosphorylation in vitro by purified Chk?2 indicated that p53 was a weak
substrate compared to Cdc25C (Ahn et al., 2003). Furthermore, inhibition of Chk2 expression
with small, interfering RNAs (siRNA) led to a marked reduction in Chk2 protein, but p53 was
still stabilized and active as a transcription factor. Similar results also were seen with siRNA-
mediated targeting of Chk1, suggesting that neithér Chk1 nor Chk2 regulate p53 stability or
activity. Together with the recently reported interdependence of p53 phosphorylation at Ser9,
Ser15, Thr18, and Ser20 (Saito et al., 2003), these results indicate that the role of Ser20 in

stabilizing p53 should be re-evaluated.

In contrast to the Serl5 cluster, most other known phosphorylation sites in p53 (except
Ser37) are phosphorylated in response to both genotoxic and non-genotoxic stresses (Saito et al.,
2003). With the exception of Ser6 and 9, kinases that can phosphorylate most of these sites in
vitro have been reported (Fig. 2); however, in most cases, to date there is little compelling
evidence that these kinases phosphorylate p53 in vivo. Furthermore, for the most part it is not

known if or how these kinase are activated in response to various forms of cellular stress.

After Serl35, a second important phosphorylation site is Ser46. Serine 46 of human p53
was shown to be phosphorylated in cells exposed to UV light (Bulavin et al., 1999). In vitro,
Ser33 and Ser46 were phosphorylated by the p38 MAP kinase, and mutation of both these sites
decreased p53-mediated and UV-induced apoptosis. Ser46 also was shown to be required for
mduction of p53AIP1, a mitochondrial localized protein whose enhanced expression leads to cell

death (Oda et al., 2000). Subsequently, two labdratories showed that homeodomain-interacting
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protein kinase-2 (HIPK2) was activated after exposure of cells to UV light; HIPK2 also
phosphorylated p53 on Serd6 in vitro (D'Orazi et al., 2002; Hofmann et al., 2002). Furthermore,
HIPK?2 interacts with and colocalizes with p53 and CBP in PML nuclear bodies, thus facilitating
p33 acetylation. As noted above, Serd6 also is phosphorylated after IR, and phosphorylation in
response to IR is ATM dependent (Saito et al., 2002); however, it is unclear if either p38 MAPK
or HIPK?2 can be activated by ATM. Interest in the potential role of p38 MAPK in regulating p53
activity recently was stimulated by the finding that the gene (PPM1D) for Wipl, a p53-induced
protein phosphatase that negatively regulates p38 MAPK activity (Fiscella et al., 1997;
Takekawa et al., 2000), is amplified in 12 to18 percent of primary human breast cancers (Bulavin
et al., 2002b; Li et al., 2002). Wipl thus forms a negative feedback loop with p53 analogous to
the p53-Mdm?2 feedback loop. Amplification of the Wip1 gene in cancers, which would inhibit
p38 MAPK-mediated activation of p53 through phosphorylation of Ser33 and Ser46, is

consistent with a role for p38 MAPK in regulating p53 activity in vivo.

A large number of proteins have been shown to interact with p53, at least in vitro, and, as
shown in figure 2, most of these interact with the N- or C-terminal regions of p53 that are both
unstructured and become highly modified in response to stress. This coincidence is unlikely to be
accidental. Rather, it seems highly probably that the interaction of some of these and other
proteins will be enhanced or inhibited by p53 posttranslational modifications. In turn, the
complexes thus formed are likely to modulate p53 function and regulate cell fate. To date, the
interaction with p53 of only a few of the proteins listed in figure 2 have been shown to be

modulated by phosphorylation. As described above, foremost among these are the HATS,
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p300/CBP. The role of phosphorylation in regulating the interaction of p53 and Mdm?2 is still
controversial (Schon et al., 2002; Anderson and Appella, 2003). Nevertheless, the roles for
phosphorylation and acetylation in modulating interactions of proteins with p53, including

protein kinases, HATs, HDACs, and their adaptors, will be a fruitful area for future research.

6. Conclusions

Cellular responses to both genotoxic and non-genotoxic stress are complex and involve
multiple signaling pathways. This is well illustrated by the p53 tumor suppressor protein, which
itself represents but one node in the cellular pathways that regulate cell function in response to
both internal and external stimuli. Studies over the past 20 years have elucidated most of the
posttranslational modifications to p53 that, in turn, modulate its stability and aétivity. The
availability of reagents (antibodies) that are highly specific for p53 modified at specific sites,
coupled with new genetic techniques for abrogating gene function, is facilitating elucidation of
multiple, interacting pathways that posttranslationally modify p53 through phosphorylation or
acetylation. Stress signals much first be detected through some change, the binding of a ligand to
a membrane receptor or the recognition of new or unusual internal structures (e.g. DSBs or
pyrimidine dimers) by sensors (Petrini and Stracker, 2003). Such structures may require
processing by signal modifiers (D' Amours and Jackson, 2002), e.g. the excision of dimers
leaving a region of single stranded DNA, to allow recognition by the proximal signal

transducers, which usually are protein kinases (e.g. ATM, ATR, p38 MAPK) (Abraham, 2001;
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Bulavin et al., 2002a; Shiloh, 2003). Signal recognition by signal transducers may require
adaptors (e.g. RPA) to recognize proximal processed signals (ssDNA), and mediators (e.g.
Rad9, Mdc1) (Canman, 2003) to transmit signals to effectors (e.g. Chk1, Chk2) that ultimately
modify targets, such as p53. p53 then integrates signal strength and/or signals from several
sources to ultimately determining cell fate through the induction or repression of specific genes,
or by direct interaction with components that mediate apoptosis. Signaling pathways often are
branched and interconnected. Likewise signals, especially external environmental signals, may
not be pure, thereby activating more than one signaling pathway. While substantial progress has
been made in characterizing the pathways that respond to DNA damage and signal to p53, these
pathways are still incompletely characterized and the actual mechanisms that detect DNA
damage are only now becoming clear. Nevertheless, thank in part to new technologies, rapid

progress can be expected over the next few years.

Acknowledgments

We thank Sharlyn J. Mazur and Marco Schito for constructive suggestions. We apologize

to those whose publications could not be cited due to space limitations. C.W.A. was supported in

part by a Laboratory Directed Research and Development Grant at the Brookhaven National

Laboratory under contract with the U.S. Department of Energy.

21



7. References

Abraham, R.T. (2001). Cell cycle checkpoint signaling through the ATM and ATR kinases.

Genes Dev. 15:2177-96.

Abraham, R.T. (2003). Checkpoint signaling: Epigenetic events sound the DNA strand-breaks

alarm to the ATM protein kinase. Bioessays 25:627-630.

Ahn, J. and Prives, C. (2001). The C-terminus of p53: the more you learn the less you know. Nat.

Struct. Biol. 8: 730-732.

Ahn, J., Urist, M,. and Prives, C. (2003). Questioning the role of checkpoint kinase 2 in the p53

DNA damage response. J. Biol. Chem. 278:20480-20489.

Ahn, J.-Y., Schwarz, J K., Piwnica-Worms, H., and Canman, C.E. (2000). Threonine 68
phosphorylation by ataxia telangiectasia mutated is required for efficient activation of

Chk2 in response to ionizing radiation. Cancer Res. 60:5934-5936.

Andegeko, Y., Moyal, L., Mitelman, L., Tsarfaty, 1., Shiloh, Y., and Rotman, G. (2001). Nuclear

retention of ATM at sites of DNA double strand breaks. J. Biol. Chem. 276:38224-38230.

Anderson, C.W., and Appella, E. (2003). Signaling to the p53 tumor suppressor through
pathways activated by genotoxic and non-genotoxic stresses. In Handbook of Cell

Signaling (ed. R.A. Bradshaw and E. Dennis), pp. 237-247. Academic Press, New York.

»

22



Anderson, C.W., and Lees-Miller, S.P. (1992). The nuclear serine/threonine protein kinase

DNA-PK. Crit. Rev. Eukaryotic Gene Express. 2:283-314.

Anderson, M.E., Woelker, B., Reed, M., Wang, P., and Tegtmeyer, P. (1997). Reciprocal
interference between the sequence-specific core and nonspecific C-terminal DNA

binding domains of p53: implications for régulation. Mol. Cell. Biol. 17:6255-6264.

Appella, E., and Anderson, C.W. (2001). Post-translational modifications and activation of p53

by genotoxic stresses. Eur. J. Biochem. 268:2764-2772.

Ayed, A., Mulder, F.A.A., Yi, G.-S,, Lu, Y., Kay, L.E., and Arrowsmith, C.H. (2001). Latent and

active p53 are identical in conformation. Nat. Struct. Biol. 8:756-760.

Bakkenist, C.J., and Kastan, M.B. (2003). DNA damage activates ATM through intermolecular

autophosphorylation and dimer dissociation. Nature 421 :499-506.

Banin, S., Moyal, L., Shieh, S.-Y., Taya, Y., Anderson, C.W., Chessa, L., Smorodinsky, N.I.,
Prives, C., Reiss, Y., Shiloh, Y., and Ziv, Y. (1998). Enhanced phosphorylation of p53 by

ATM in response to DNA damage. Science 281:1674-1677.

Bech-Otschir, D., Kraft, R., Huang, X., Henklein, P., Kapelari, B., Pollmann, C., and Dubiel, W.
(2001). COP9 signalosome-specific phosphorylation targets p53 to degradation by the

ubiquitin system. EMBO J. 20:1630-1639.

Bernstein, C., and Bemnstein, H. (1991). Aging, Sex, and DNA Repair. Academic Press, San

23



Diego.

Bonner, W.M. (2003). Low-dose radiation: Thresholds, bystander effects, and adaptive

responses. Proc. Natl. Acad. Sci. U § A 100:4973-4975.

Bosotti, R., Isacchi, A., and Sonnhammer, E.L.L. (2000). FAT: a novel domain in PIK-related

kinases. Trends Biochem. Sci. 25:225-227.

Brown, E.J. and Baltimore, D. (2003). Essential and dispensable roles of ATR in cell cycle arrest

and genome maintenance. Genes Dev. 17:615-628.

Bulavin, D.V., Amundson, S.A., and Fornace, Jr., A. J. (2002a). p38 and Chk1 kinases: different

conductors for the Go/M checkpoint symphony. Curr. Opin. Genet. Dev. 12:92-97.

Bulavin, D.V., Demidov, O.N., Saito, S., Kauraniemi, P., Phillips, C., Amundson, S.A.,
Ambrosino, C., Sauter, G., Nebreda, A.R., Anderson, C.W., Kallioniemi, A., Fornace, Jr.,
A.J., and Appella, E. (2002b). Amplification of PPM1D in human tumors abrogates p53

tumor-suppressor activity. Nat. Genet. 31:210-215.

Bulavin, D.V., Saito, S., Hollander, M.C., Sakaguchi, K., Anderson, C.W., Appella, E., and
Fornace Jr., A.J. (1999). Phosphorylation of human p53 by p38 kinase coordinates N-
terminal phosphorylation and apoptosis in response to UV radiation. EMBO J. 18:6845-

6854.

Burma, S., Chen, B.P., Murphy, M., Kurimasa, A., and Chen, D.J. (2001). ATM phosphorylates

24




histone H2AX in response to DNA double-strand breaks. J. Biol. Chem. 276:42462-

42467.

Canman, C.E. (2003). Checkpoint mediators: relaying signals from DNA strand breaks. Curr.

Biol. 13:R488-R490.

Canman, C.E., Lim, D.-S., Cimprich, K.A., Taya, Y., Tamai, K., Sakaguchi, K., Appella, E.,
Kastan, M.B., and Siliciano, J.D. (1998). Activation of the ATM kinase by ionizing

radiation and phosphorylation of p53. Science 281:1677-1679.

Chao, C., Saito, S., Anderson, C.W., Appella, E., and Xu, Y. (2000). Phosphorylation of murine
p53 at Ser-18 regulates the p53 responses to DNA damage. Proc. Natl. Acad. Sci. U S A

97:11936-11941.

Chehab, N.H.,Malikzay, A., Appel, M., and Halazonetis, T.D. (2000). Chk2/hCds1 functions as a

DNA damage checkpoint in G; by stabilizing p53. Genes Dev. 14:278-288.

Chehab, N.H., Malikzay, A., Stavridi, E.S., and Halazonetis, T.D. (1999). Phosphorylation of
Ser-20 mediates stabilization of human p53 in response to DNA damage. Proc. Natl.

Acad. Sci. US A4 96:13777-13782.

Cho, Y., Gorina, S., Jeffrey, P.D., and Pavletich, N.P. (1994). Crystal structure of a p53 tumor

suppressor-DNA complex: understanding tumorigenic mutations. Science 265:346-355.

Cline, S.D., and Hanawalt, P.C. (2003). Who's on first in the cellular response to DNA damage?

25



Nat. Rev. Mol. Cell. Biol. 4:361-373.

Clore, G.M., Emst, J., Clubb, R., Omichinski, J.G., Kennedy, W.M.P., Sakaguchi, K., Appella,
E., and Gronenborn, A.M. (1995). Refined solution structure of the oligomerization

domain of the tumour suppressor p53. Nat. Struct. Biol. 2:321-333.

Cortez, D., Guntuku, S., Qin, J., and Elledge, S.J. (2001). ATR and ATRIP: partners in

| checkpoint signaling. Science 294: 1713-1716.

Craig, A.L., Bray, S.E., Finlan, L.E., Kernohan, N.M., and Hupp, T.R. (2003). Signaling to p53:
The use of phospho-specific antibodies to probe for in vivo kinase activation. Methods

Mol. Biol. 234:171-202.

D'Amours, D. and S.P. Jackson. (2002). The Mrell complex: at the crossroads of DNA repair

and checkpoint signalling. Nat. Rev. Mol. Cell. Biol. 3:317-327.

Denning,'G., Jamieson, L., Maquat, L.E., Thompson, E.A., and Fields, A.P. (2001). Cloning of a
novel phosphatidylinositol kinase-related kinase: characterization of the human SMG-1

RNA surveillance protein. J. Biol. Chem. 276:22709-22714.

D'Orazi, G., Cecchinelli, B., Bruno, T., Manni, L., Higashimoto, Y., Saito, S., Gostissa, M.,
Coen, S., Marchetti, A., Del Sal, G., Piaggio, G., Fanciulli, M., Appella, E., and Soddu,
S. (2002). Homeodomain-interacting protein kinase-2 phosphorylates p53 at Ser 46 and

mediates apoptosis. Nat. Cell. Biol. 4:11-19.

»

26



Dornan, D. and Hupp, T.R. (2001). Inhibition of p53-dependent transcription by BOX-I

phospho-peptide mimetics that bind to p300. EMBO Rep. 2:139-144.

Dumaz, N. and Meek, D.W. (1999). Serinel5 phosphorylation stimulates p53 transactivation but

does not directly influence interaction with HDM2. EMBO J. 18:7002-7010.

Espinosa, J.M. and Emerson, B.M. (2001). Transcriptional regulation by p53 through intrinsic

DNA/chromatin binding and site-directed cofactor recruitment. Mol. Cell 8:57-69.
Fei, P. and El-Deiry, W.S. (2003). P53 and radiation responses. Oncogene 22:5774-5783.

Fiscella, M., Zhang, H., Fan, S., Sakaguchi, K., Shen, S., .Mercer, W.E., Vande Woude, G.F.,
O'Connor, P.M., and Appella, E. (1997). Wipl, a novel human protein phosphatase that is
induced in response to ionizing radiation in a p53-dependent manner. Proc. Natl. Acad.

Sci. U § 4 94:6048-6053.

Gu, W., and Roeder, R.G. (1997). Activation of p53 sequence-specific DNA binding by

acetylation of the p53 C-terminal domain. Cell 90:595-606.

Hammond, E.M., Denko, N.C., Dorie, M.J., Abraham, R.T., and Giaccia, A.J. (2002). Hypoxia

links ATR and p53 through replication arrest. Mol. Cell. Biol. 22:1834-1843.

Hao, M., Lowy, A.M., Kapoor, M., Deffie, A., Liu, G., and Lozano, G. (1996). Mutation of

phosphoserine 389 affects p53 function in vivo. J. Biol. Chem. 271:29380-29385.

Higashimoto, Y., Saito, S., Tong, X.-H., Hong, A., Sakaguchi, K., Appella, E., and Anderson,

27



C.W. (2000). Human p53 is phosphorylated on serines 6 and 9 in response to DNA

damage-inducing agents. J. Biol. Chem. 275:23199-23203.

Hofmann, T.G., Méller, A., Sirma, H., Zentgraf, H., Taya, Y., Drége, W., Will, H., and Schmitz,
M.L. (2002). Regulation of p53 activity by its interaction with homeodomain-interacting

protein kinase-2. Nat. Cell. Biol. 4:1-10.

Hofseth, L.J., Saito, S., Hussain, S.P., Espey, M.G., Miranda, K.M., Araki, Y., Jhappan, C.,
Higashimoto, Y., He, P., Linke, S.P., Quezado, M.M., Zurer, L., Rotter, V., Wink, D.A.,
Appella, E., and Harris, C.C. (2003). Nitric oxide-induced cellular stress and p53

activation in chronic inflammation. Proc. Natl. Acad. Sci. U S A 100:143-148.

Hupp, T.R., and Lane, D.P. (1994). Regulation of the cryptic sequence-specific DNA-binding

function of p53 by protein kinases. Cold Spring Harb. Symp. Quant. Biol. 59:195-206.

Hupp, T.R., Meek, D.W., Midgley, C.A., and Lane, D.P. (1992). Regulation of the specific DNA

binding function of p53. Cell 71:875-886.

ITtahana, K., Dimri, G., and Campiest, J. (2001). Regulation of cellular senescence by p53. Eur. J.

Biochem. 268:2784-2791.

Jallepalli, PV, Leaguer, C., Vogel stein, B., and Benz, F. (2003). The Chk2 tumor suppressor is

not required for p53 responses in human cancer cells. J. Biol. Chem. 278:20475-20479.

Jeffrey, P.D., Gorina, S., and Pavletich, N.P. (1995). Cryétal structure of the tetramerization

28



domain of the p53 tumor suppressor at 1.7 angstroms. Science 267:1498-1502.

Jimenez, G.F., Bryntesson, F., Torres-Arzayus, M.1L., Priestley, A., Beeche, M., Saito, S.,
Sakaguchi, K., Appella, E., Jeggo, P.A., Taccioli,, G.E., Wahl, G.M., and Hubank, M.
(1999). DNA-dependent protein kinase is not required for the p53-dependent response to

DNA damage. Nature 400:81-83.

Kaeser, M.D., and Iggo, R.D. (2002). Chromatin immunoprecipitation analysis fails to support
the latency model for regulation of p53 DNA binding activity in vivo. Proc. Natl. Acad.

Sci. U §' 4 99:95-100.

Kaku, S., Iwahashi, Y., Kuraishi, A., Albor, A., Yamagishi, T., Nakaike, S., and Kulesz-Martin,
M. (2001). Binding to the naturally occurring double p53 binding site of the Mdm2
promoter alleviates the requirement for p53 C-terminal activation. Nucleic Acids Res.

29:1989-1993.
Kapoor, M., and Lozano, G. (1998). Functional activation of p53 via phosphorylation following
DNA damage by UV but not vy radiation. Proc. Natl. Acad. Sci. U S A 95:2834-2837.
Kim, E., and Deppert, W. 2003. The complex interactions of p53 with target DNA: we learn as

we go. Biochem. Cel.l Bio.l 81:141-50.

Kishi, H., Nakagawa, K., Matsumoto, M., Suga, M., Ando, M., Taya, Y., and Yamaizumi, M.

2001). Osmotic shock induces Gy arrest through p53 phosphorylation at Ser®> by
p>> pnosphory

29



activated p38™T* without phosphorylation at Ser'” and Ser™. J. Biol. Chem. 276:39115-

39122.

Klein, C., Planker, E., Diercks, T., Kessler, H., Kiinkele, K.-P., Lang, K., Hansen, S., and
Schwaiger, M. (2001). NMR spectroscopy reveals the solution dimerization interface of

p53 core domains bound to their consensus DNA. J. Biol. Chem. 276:49020-49027.

Ko, L.J., and Prives, C. (1996). p53: puzzle and paradigm. Genes Dev. 10:1054-1072.
Kozlov, S., Gueven, N., Keating, K., Ramsay, J., and Lavin, M.F. (2003). ATP activates ataxia-
telangiectasia mutated (ATM) in vitro. Importance of autophosphorylation. J. Biol.

Chem. 278:9309-9317.

Kussie, P.H., Gorina, S., Marechal, V., Elenbaas, B., Moreau, J., Levine, A.J., and Pavletich,
N.P. (1996). Structure of the MDM2 oncoprotein bound to the p53 tumor suppressor

transactivation domain. Science 274:948-953,

Lambert, P.F., Kashanchi, F., Radonovich, M.F., Shiekhattar, R., and Brady, J.N. (1998).
Phosphorylation of p53 serine 15 increases interaction with CBP. J. Biol. Chem.

273:33048-33053.

Lees-Miller, S.P., Sakaguchi, K., Ullrich, S.J., Appella, E., and Anderson, C.W. (1992). Human
DNA-activated protein kinase phosphorylates serines 15 and 37 in the amino-terminal

transactivation domain of human p53. Mol. Cell. Biol. 12:5041-5049.

Li,J., Yang, Y., Peng, Y., Austin, R.J., Van Eyhdhoven, W.G., Nguyen, K.C.Q., Gabriele, T.,

30




McCurrach, M.E., Marks, J.R., Hoey, T., Lowe, S.W., and Powers, S. (2002). Oncogenic
properties of PPM1D located within a breast cancer amplification epicenter at 17q23.

Nat. Genet. 31:133-134.

Lu, H., Taya, Y., Ikeda, M., and Levine, A.J. (1998). Ultraviolet radiation, but not vy radiation or

etoposide-induced DNA damage, results in the phosphorylation of the murine p53 protein

at serine-389. Proc. Natl. Acad. Sci. U S 4 95:6399-6402.

Mazur, S.J., Sakaguchi, K., Appella, E., Wang, X.W., Harris, C.C., and Bohr, V.A. (1999).
Preferential binding of tumor suppressor p53 to positively or negatively supercoiled DNA

involves the C-terminal domain. J. Mol. Biol. 292:241-249.

Melchionna, R., Chen, X.-B., Blasina, A., and McGowan, C.H. (2000). Threonine 68 is required

for radiation-induced phosphorylation and activation of Cdsl. Nat. Cell. Biol. 2:762-765.
Melchior, F., and Hengst, L. (2002). SUMO-1 and p53. Cell Cycle 1:245-249.

Mihara, M., Erster, S., Zaika, A., Petrenko, O., Chittenden, T., Pancoska, P., and Moll, U.M.

(2003). p53 Has a direct apoptogenic role at the mitochondria. Mol. Cell. 11:577-590.

Nakamura, S., Roth, J.A., and Mukhopadhyay, T. (2002). Multiple lysine mutations in the C-
terminus of p53 make it resistant to degradation mediated by MDM2 but not by human

papillomavirus E6 and induce growth inhibition in MDM2-overexpressing cells.

Oncogene 21: 2605-2610.

31



Nielsen, O. (2003). COP9 signalosome: a provider of DNA building blocks. Curr. Biol.

13:R565-R567.

Oda, K., Arakawa, H., Tanaka, T., Matsuda, XK., Tanikawa, C., Mori, T., Nishimori, H., Tamai,
K., Tokino, T., Nakamura, Y., and Taya, Y. (2000). p534IP1, a potential mediator of
p53-dependent apoptosis, and its regulation by Ser-46-phosphorylated p53. Cell 102:849-

862.

Oren, M. (2003). Decision making by p53: life, death and cancer. Cell Death Differ. 10:431-442.
Palecek, E., VIk, D., Stankov4, V., Brazda, V., Vojtesek, B., Hupp, T.R., Schaper, A., and Jovin,
T.M. (1997). Tumor suppressor protein p53 binds preferentially to supercoiled DNA.

Oncogene 15:2201-2209.

Paull, T.T., Rogakou, E.P., Yamazaki, V., Kirchgessner, C.U., Gellert, M., and Bonner, W.M.
(2000). A critical role for histone H2AX in recruitment of repair factors to nuclear foci

after DNA damage. Curr. Biol. 10:886-895.

Petrini, J.H.J., and Stracker, T.H. (2003). The cellular response to DNA double-strand breaks:

defining the sensors and mediators. Trends Cell. Biol. 13:458-462.
Prives, C., and Manley, J.L. (2001). Why is p53 acetylated? Cell 107:815-818.

Redon, C., Pilch, D., Rogakou, E., Sedelnikova, O., Newrock, K., and Bonner, W. (2002).

Histone H2A variants H2AX and H2AZ. Curr. Opin. Genet. Dev. 12:162-1609.

»

32



Rippin, T.M., Freund, S.M.V., Veprintsev, D.B., and Fersht, A.R. (2002). Recognition of DNA
by p53 core domain and location of intermolecular contacts of cooperative binding. J.

Mol. Biol. 319:351-358.

Saito, S., Goodarzi, A.A., Higashimoto, Y., Noda, Y., Lees-Miller, S.P., Appella, E., and
Anderson, C.W. (2002). ATM mediates phosphorylation at multiple p53 sites, including

Ser*, in response to ionizing radiation. J. Biol. Chem. 277:12491-12494.

Saito, S., Yamaguchi, H., Higashimoto, Y., Chao, C., Xu, Y., Fornace, Jr., A.J., Appella, E., and
Anderson, C.W. (2003). Phosphorylation site interdependence of human p53 post-

translational modifications in response to stress. J. Biol. Chem. 278:37536-37544.

Sakagﬁchi, K., Herrera, J.E., Saito, S., Miki, T., Bustin, M., Vassilev, A., Anderson, C.W., and
Appella, E. (1998). DNA damage activates p53 through a phosphorylation-acetylation

cascade. Genes Dev. 12:2831-2841.

Sakaguchi, K., Sakamoto, H., Lewis, M.S., Anderson, C.W., Erickson, J.W., Appella, E., and
Xie, D. (1997). Phosphorylation of serine 392 stabilizes the tetramer formation of tumor

suppressor protein p53. Biochemistry 36:10117-10124.

Sax, J.K., and El-Deiry, W.S. (2003). p53 downstream targets and chemosensitivity. Cell Death

Differ 10:413-417.

Schon, O., Friedler, A., Bycroft, M., Freund, S.M.V., and Fersht, A. (2002). Molecular

mechanism of the interaction between MDM2 and p53. J. Mol. Biol. 323:491-501.

33



Schultz, L.B., Chehab, N.H., Malikzay, A., and Halazonetis, T.D. (2000). p53 binding protein 1
(53BP1) is an early participant in the cellular response to DNA double-strand breaks. J.

Cell Biol. 151:1381-1390.

Shieh, S.-Y., Ahn, J., Tamai, K., Taya, Y., and Prives, C. (2000). The human homologs of
checkpoint kinases Chk1 and Cds1 (Chk2) phosphorylate p53 at multiple DNA damage-

inducible sites. Genes Dev. 14:289-300.

Shieh, S.-Y., Ikeda, M., Taya, Y., and Prives, C. (1997). DNA damage-induced phosphorylation

of p53 alleviates inhibition by MDM2. Cell 91:325-334.

Shiloh, Y. (2003). ATM and related protein kinases: safeguarding genome integrity. Nat. Rev.

Cancer 3:155-168.

Siliciano, J.D., C.E. Canman, Y. Taya, K. Sakaguchi, E. Appella, énd M.B. Kastan. (1997).
DNA damage induces phosphorylation of the amino terminus of p53. Genes Dev.

11:3471-3481.

Smith, G.C.M., Cary, R.B., Lakin, N.D., Hann, B.C., Teo, S.-H., Chen, D.J., and Jackson S.P.
(1999). Purification and DNA binding properties of the ataxia-telangiectasia gene product

ATM. Proc. Natl. Acad. Sci. U S A 96:11134-11139.

Smith, M.L., and Seo, Y.R. (2002). p53 regulation of DNA excision repair pathways.

Mutagenesis 17:149-156.

34



Sutherland, B.M., Bennett, PV, Sidorkina, O., and Laval, J. (2000). Clustered DNA damages
induced in isolated DNA and in human cells by low doses of ionizing radiation. Proc.

Natl. Acad. Sci. US 4 97:103-108.

Suzuki, K., Kodama, S., and Watanabe, M. (1999). Recruitment of ATM protein to double strand

DNA irradiated with ionizing radiation. J. Biol. Chem. 274:25571-25575.

Takai, H., Naka, K., Okada, Y., Watanabe, M., Harada, N., Saito, S., Anderson, C.W., Appella,
E., Nakanishi, M., Suzuki, H., Nagashima, K., Sawa, H., Ikeda, K., and Motoyama, N.
(2002). Chk2-deficient mice exhibit radioresistance and defective p53-mediated

transcription. EMBO J. 21:5195-5205.

Takekawa, M., Adachi, M., Nakahata, A., Nakayama, I., Itoh, F., Tsukuda, H., Taya, Y., and
Imai, K. (2000). p53-inducible Wip1 phosphatase mediates a negative feedback
regulation of p38 MAPK-p53 signaling in response to UV radiation. EMBO J. 19:6517-

6526.

Tibbetts, R.S., Brumbaugh, K.M., Williams, J.M., Sarkaria, J.N., Cliby, W.A., Shieh, S.-Y.,
Taya, Y., Prives, C., and Abraham, R.T. (1999). A role for ATR in the DNA damage-

induced phosphorylation of p53. Genes Dev. 13:152-157.

Tibbetts, R.S., Cortez, D., Brumbaugh, K.M., Scully, R., Livingston, D., Elledge, S.J., and
Abraham, R.T. (2000). Functional interactions between BRCA1 and the checkpoint

kinase ATR during genotoxic stress. Genes Dev. 14:2989-3002.

35



Uziel, T., Lerenthal, Y., Moyal, L., Andegeko, Y., Mittelman, L., and Shiloh, Y. (2003).
Requirement of the MRN complex for ATM activation by DNA damage. EMBO J.

22:5612-5621.

Vousden, K.H., and Lu, X. (2002). Live or let die: the cell's response to p53. Nat. Rev. Cancer

2:594-604.

Wahl, G.M., and Carr, A.M. (2001). The evolution of diverse biological responses to DNA

damage: insights from yeast and p53. Nat. Cell Biol. 3:E277-E286.

Wang, Y., and Prives, C. (1995). Increased and altered DNA binding of human p53 by S and

G2/M but not G1 cyclin-dependent kinases. Nature 376:88-91.

Wang, Y.-H., Tsay, Y.-G., Tan, B.C.-M., Lo, W.-Y., and Lee, S.-C. (2003). Identification and
characterization of a novel p300-mediated pS3 acetylation site, lysine 305. J Biol Chem

278:25568-25576.

Waterman, M.J.F., Stavridi, E.S., Waterman, J.L.F., and Halazonetis, T.D. (1998). ATM-
dependent activation of p53 involves dephosphorylation and association with 14-3-3

proteins. Nat. Genet. 19:175-178.

Wu, Z., Earle, J., Saito, S., Anderson, C.W., Appella, E., and Xu, Y. (2002). Mutation of mouse

P53 Ser23 and the response to DNA damage. Mol Cell Biol 22:2441-2449.

Yamashita, A., Ohnishi, T., Kashima, I., Taya, Y., and Ohno, S. (2001). Human SMG-1, a novel

36



phosphatidylinositol 3-kinase-related protein kinase, associates with components of the
mRNA surveillance complex and is involved in the regulation of nonsense-mediated

mRNA decay. Genes Dev. 15:2215-2228.

Yarosh, D.B., Cruz, Jr., P.D.,Dougherty, ., Bizios, N., Kibitel, J., Goodtzova, K., Both, D.,
Goldfarb, S., Green, B., and Brown, D. (2000). FRAP DNA-dependent protein kinase
mediates a late signal transduced from ultraviolet-induced DNA damage. J. Invest.

Dermatol. 114:1005-1010.

Zhang, Y., and Xiong, Y. (2001). A p53 amino-terminal nuclear export signal inhibited by DNA

damage-induced phosphorylation. Science 292:1910-1915.

Zhao, H., and Piwnica-Worms, H. (2001). ATR-mediated checkpoint pathways regulate

phosphorylation and activation of human Chk1. Mol. Cell. Biol. 21:4129-4139.

Zilfou, J.T., Hoffman, W.H., Sank, M., George, D.L., and Murphy, M. (2001). The corepressor
mSin3a interacts with the proline-rich domain of p53 and protects p53 from proteasome-

mediated degradation. Mol. Cell. Biol. 21:3974-3985.

Zou, L., Cortez, D., and Elledge, S.J. (2002). Regulation of ATR substrate selection by Rad17-

dependent loading of Rad9 complexes onto chromatin. Genes Dev. 16:198-208.

Zou, L., and Elledge, S.J. (2003). Sensing DNA damage through ATRIP recognition of RPA-

ssDNA complexes. Science 300:1542-1548.

37




Figure Legends

Figure 1. Signaling pathways for the activation of p53. The p53 tumor suppressor is stabilized
and activated as a transcription factor in response to several signaling pathways that are initiated
in response to genotoxic damage or non-genotoxic cellular stresses. Depicted schematically are
the major genotoxic pathways that respond to DNA double-strand breaks through activation of
ATM, to bulky lesions in DNA that block transcription or DNA replication and signal through
ATR, and non-genotoxic stress pathways that generally do not involve ATM or ATR but signal
through p38 MAPK and other signaling systems. ATM and ATR directly phosphorylate several
DNA damage associatéd proteins including BRCA1, 53BP1, H2AX, and p53 as well as several
effector protein kinases, such as Chk1 and Chk2. The response to extreme hypoxia is exceptional
in that the resulting collapsed replication forks are believed to activate ATR, resulting in the
phosphorylation of p53 at Serl5 but not its subsequent acetylation at Lys382 (Hammond et al.,

2002).

Figure 2. Protein domains, posttranslational modification sites, and proteins that interact with
human p53. The 393 amino acid, human p53 polypeptide is represented schematically (box) with
the five most highly conserved regions marked (I-V); postulated function regions and domains
also are indicated. Residues ~1-42 comprise the transactivation domain; residues ~63-97
constitute a Src homology 3-like (SH3) domain that overlaps a poorly conserved proline and
alanine rich segment (33-80); residues ~102-292 contain the central, sequence-specific, DNA

binding core region; residues ~300-323 contain*the primary nuclear localization signal (NLS);
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residues 324-356 comprise the tetramerization domain (TET) which contains a nuclear export
signal; residues 363-393 (REG) negatively regulate DNA binding by the central core to
consensus recognition sites in oligonucleotides and interact in a sequence-independent manner
with single- and double-stranded nucleic acids. Interaction regions for selected proteins are
indicated below the polypeptide, and posttranslational modification sites (P, phosphorylation;
Ac, acetylation) are indicated above the peptide together with enzymes that can accomplish the
modifications in vitro. Lys386 may be modified by conjugation with SUMOI, a ubiquitin-like
peptide. References are found in the text and recent reviews, e.g. (Ko and Prives, 1996;

Anderson and Appella, 2003; Craig et al., 2003).

Figure 3. Activation of p53 in response to DNA double-strand breaks. In step 1, DNA DSBs
result in the rapid activation through autophosphorylation of a fraction of a cell’s ATM. This
fraction becomes tightly associated with chromatin through ATM’s DNA end-binding activity
(Smith et al., 1999; Suzuki et al., 1999); it then phosphorylates H2AX and perhaps other
substrates that assemble at the break site (Redon et al., 2002; Shiloh, 2003). H2AX is a variarit of
H2A with a C-terminal extension that can be directly phosphorylated (yellow circles) by ATM. It
is found with RAD9, RAD1, RAD17, HUS1, and the MRN complex (Mrel1, Rad50, Nbs1) in
foci of DNA damage sensors and repair proteins that form at DSBs sites after DNA damage
(D'Amours and Jackson, 2002; Fei and El-Deiry, 2003; Petrini and Stracker, 2003). The DSB
induces a change in chromatin conformation, with which the bulk of a cell’s ATM interacts to
become activated, also through autophosphorylation in step 2 (Bakkenist and Kastan, 2003).

Autophosphorylation at Ser1981 causés ATM to dissociate into active monomers. ATM directly
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phosphorylates Ser15 near the N terminus of p53 and is required for the phosphorylation of Ser9,
Ser20, Ser46, and Thrl8, presumably as a consequence of ATM-dependent activation of effector
protein kinases (Saito et al., 2002) and/or creation of kinase recognitioﬁ sites (Saito et al., 2003).
Phosphorylation of Mdm?2 and p53 may promote dissociation of p53 and Mdm2, inhibits p53
degradation; and promote association of p53 with its coactivator p300/CBP. However,
association of p300/CBP with the p53/Mdm2 complex may promote p53 multi-ubiquitination
and its degradation through the 26s proteosome. ATM also phosphorylates other substrates

including BRCA1, 53BP1, Mdm2, and downstream effector kinases, such as Chk2.

Figure 4. Activation of ATR in response to blockage of transcription by RNA polymerase II and
the arrest of DNA replication. ATR is activated in human cells in respénse to UV radiation and
chemicals that produced bulky lesions and oxidized DNA Bases. These, in turn, may block RNA
transcription by RNA polymerase II (poli) and DNA replication. In human cells, ATR exists in a
stable complex with ATRIP (ATR-interacting protein) (Cortez et al., 2001). ATR is recruited to
sites of DNA damage that contain single-stranded DNA segments through the interaction of
ATRIP with RPA (Zou and Elledge, 2003), suggesting that RPA-ssDNA, a complex common to
several DNA repair processes, may serve as a DNA damage signal for the recruitment rof ATR-
ATRIP. In contrast to ATM, ATR isolated from cells exposed to DNA damaging agents does not
display increased kinase activity (Tibbetts et al., 2000); thus, “activation” may be achieved by
the simultaneous recruitment of ATR-ATRIP and substrates to sites of DNA damage (Zou and
Elledge, 2003). ATR activates the effector kinase Chk1 and is believed to phosphorylated p53 at

Serl5 and Ser37. As noted above, extreme hypdxia does not cause detectable DNA damage but
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is believed to activate ATR by causing the collapse of DNA replication forks (Hammond et al.,

2002).
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